ABSTRACT
INTRODUCTION
While operating a turbine engine, no matter whether an aircraft, a marine or a traction one, various failures to engine assemblies occur. The predominant majority of failures to gas turbine vanes (blades) are effected with inappropriate operation (misadjustment) of subassemblies mating with the turbine, first of all, the combustion chamber [8] and, like with turbines of aircraft turbojet engines, the exhaust nozzle (in particular, the mechanism to adjust nozzle-mouth cross-section) [1, 12] . The detection of gas turbine subassembly damage during operation is possible during periodic inspection by way of assessing the condition of blade and vane rings' surfaces, their mounting elements and interstage turbine sealings etc. [7, 13, 22] . In multi-stage turbines, the visual assessment of the first turbine stage is relatively easy to carry out when the combustion chamber assembly is disassembled. The intermediary stages and the last stage are inspected without the need of disassembly, by using fibre optic viewing devices (videoscopes) [11, 15] . The damage of initial turbine stages are usually caused by the impact of high temperature exhaust fumes, whereas the damage of the last stages (with the longest blades) -by the impact of mechanical load (vibration, centrifugal force) [10, 22] . The frequent cause of damage is material overheating and thermal fatigue of the thermal fatigue of the vanes' nozzle apparatus and rotor blades, resulting from both the excessive temperature and the time the blade (vane) is exposed to high temperature and the chemical activity of exhaust fumes (the entire operation process features a change in the colour of the vane-blade leaf) [19] . The minimisation of the safety hazard of engine operation requires periodical inspection of the vanes'/blades' technical condition. Overhauls and inspections feature blade checks using classic NDT (nondestructive testing) methods, i.e. visual inspection, fluorescent, magnetic and eddy current flaw detection [5, 16, 18] , or rapidly developing measurement techniques related to thermography and tomography [3, 14] . Each of the aforementioned NDT methods is executed in specific conditions and the information obtained regards the tested turbine element's flaw and damage types specific (characteristic) for each method. Furthermore, their execution requires extensive theoretical knowledge and experience of the diagnostician, because the diagnostic information acquired by applying them is often encumbered with certain complications of result interpretation and limited reliability when compared to destructive methods [19] . The overheating of the blade material, especially of uncooled blades, constitutes damage that is most difficult to identify and technical condition most difficult to classify. Thus far, only the eddy current method gives certain capabilities of detecting the degree of blade material overheating, but it is strongly dependent on many factors, including, among others: type of blade material and protective coating, applied measurement instrumentation and parameters, and it has not yet been confirmed on an adequate statistical sample [14] . Therefore, there is still a lack of reliable method of detecting structural changes after the impact of high temperature exhaust fumes. Despite the fact that the destructive methods (e.g. metallographic method) provide much more information about the structure of the tested turbine element's material, they make its further use impossible, thereby increasing the overall costs.
Progressive damage cause by material overheating leads to faulty gas turbine operation and sometimes, as in the case of aircraft jet motors, to tragic accidents. This type of damage is always removed by overhauling the motor, which in case of aviation results in very high costs of approx. PLN 2-5 million, depending on the motor type. Therefore, the costs of motor overhaul are 1.000-3.000 times higher when compared to the value of a turbine rotor blade, for example. The decision about the need of motor overhaul is currently made by the diagnostician, who can diagnose the condition of hard to reach turbine elements by applying the visual method with the use of a videoscope. The condition assessment is executed based on the recorded image of the diagnosed element's surface and by comparing the image with the model surface images of fit and unfit analogous turbine blade elements. Such condition assessment criteria are very subjective, because they depend on the diagnostician's state of knowledge and sight. The diagnostician's decision can be verified using the destructive method. The tested element undergoes analysis of the micro-structure based on a metallographic sample. Mistakes of the diagnostician's subjective assessment can lead to deeming an overheated blade as fit or not overheated as unfit. The first case results in an aerial accident within a short time of motor operation, whereas the second case -in very high motor overhaul costs. This paper proposes a computer assisted method which allows a non-invasive assessment of the blade condition based on their surface colour. The first stage described in the article concerns the detection and positioning of the surface strictly related to the blade's leaf area, whereas the second stage concerns the colour analysis correlated with the microstructure testing of blades in various technical conditions (degree of overheating).
SUBJECT OF TESTING AND RECORDING OF IMAGE DATA
The digital images (photos) of gas turbine vane (blade) surfaces can be recorded in two ways:
• after the blade (vane) disassembly from the turbine; the recording device can include any digital camera with suitable repeatability and resolution of the obtained images; • without blade (vane) disassembly; the recording device can include, e.g. a videoscope -devices for acquiring photos of hard to reach places. The input images included photos of guide vanes disassembled from a gas turbine of an aircraft jet motor (Fig. 1) . The vanes were made from the ŻS-6K alloy. An important technological aspect in these type of alloys is the thermal processing, which is based mainly on homogenising annealing (unification of the structure, increase in strength and ductility) [20] . The purpose of the processing is also obtaining the adequate dispersion and shape of precipitation of phase γ' as the main reinforcement phase. The coating is applying to allow increasing the working temperature, thereby additionally protecting the base material against harmful impact of the high temperature working medium (exhaust fumes). Figure 1a presents an exemplary set of recorded images of turbine vane surfaces with various degrees of overheating (acc. to the currently applied classification of their technical condition) with marked trailing and leading edges.
The input images were saved in the JPEG format with a low compression ratio preserving all necessary information and details about the recorded objects. In the case of this type of image data recording, it is possible to ensure high repeatability by determining fixed acquisition conditions (selection of a suitable light source and even lighting of the photographed surfaces, no reflections, etc.) - Fig. 1a . On the other hand, photos made using videoscopes (working conditions), due to the minimisation of the capture device's size and spot light sources, are encumbered by geometric distortion and colour corruption. Furthermore, the viewing device is movable and unstable, thus preventing exposure repeatability and even lighting of the tested elements (Fig. 1b, c) . The fact that the tested element does not require disassembly from the turbine is undoubtedly an advantage of diagnostics using videoscopes. 
DETECTION OF VANES AND THEIR SURFACE ON A DIGITAL IMAGE
This part of the paper will present subsequent steps of executing the automatic object (vanes - Fig. 3a ) detection and positioning of the detected vane leaf surfaces based on images presenting optionally placed vanes with various technical condition. The execution of this task involves no human (userdiagnostician) intervention. The block diagram of execution of subsequent stages of the selected image processing and analysis techniques and methods is presented in Fig. 2 .
The input image (the example of such an image is presented in Fig. 3a ) is firstly subjected to initial binarisation with the binarisation threshold selected using the iteration method, in accordance with the following steps [21]:
1. The extreme pixels (areas with the dimensions of 10x10 pixels selected on the photo's edges) are adopted as the background, while the other part of the image is adopted as the object. This served as the basis for designating the brightness of the background μ t and object μ o . The threshold value is adopted in accordance with the following formula:
2. Designate the n average value for the background and object, while maintaining designated threshold. the pixel division to background and object 3. Designate a new threshold value: , μ o (n) -values of the binarisation threshold, background average, object average, respectively, designated in subsequent algorithm iterations, n -number of algorithm iterations.
The initial binarisation allows for separating the object pixels from the background pixels, however using it caused a large number of artefacts to be left on the binary image (Fig. 3b ). They were removed by using the morphological function of binary image opening (with the structural element in the form of a disk with the size of 10 pixels); the effects of this operation are presented in figure 3c. An additional advantage of executing the opening operation will be the separation of possibly combined or interfacing vane surfaces. The next step featured the indexation (labelling) of objects (vanes), thereby reducing the number of small objects that did not belong to the vane leaf 's surface (mainly elements of the vane's lock) - Fig. 3d . As result of the executed operations ( Fig. 3c and d) , most artefacts, left from image binarisation (Fig. 3b) , were removed, thereby preventing their impact on the dimensions of the designated surfaces (Fig. 3e) . In figure 3e, the red colour was used to mark the smallest rectangles that completely surrounded particular detected objects (bounding box). 
. Block diagram of the execution of subsequent steps of image processing and analysis -detection of vanes and their surface on a digital image
Due to the fact that the vanes in the digital image can be positioned in any configuration (position, number), the detected objects -surfaces (each rectangle from Fig. 3e is a new image cut from the original image in Fig. 3a ) must be placed (positioned) in the same way (identical position of TE and LE).
Therefore, the image fragments that include the detected surfaces were rotated, depending on the vane's position, by a suitable (designated) angle, thereby bringing all of them to a common reference frame. The general algorithm of automatic rotation is presented in Fig. 4 . The position of the TE and LE for each vane was checked in the first step. Then, certain (selected) geometric features of the tested turbine elements were used to check the width at two positions: at 1/4 and 3/4 of the vane leaf 's length (Fig. 5a ). The dimensions comparison operation was executed on a binarised image fragment (Fig. 5b) -the sum of the values is designated in the right (dimension d2) and left (dimension d1) column. If d2<d1, the entire image is rotated by 180°. Thus, we obtained images on which vanes are positioned as assumed, i.e. TE upwards.
Then, the vanes were rotated towards the horizontal plane in relation to the TE (for this purpose, two points belonging to it were designated). This was done by applying the gradient method of designating the object's edges (with Sobel's operator) and using the standard Hough's transform -SHT) [6] . The designated edge was marked on the photo fragment using a section (Fig. 6 ).
Despite the fact that the Sobel's operators (which allow for detecting vertical h S1 and horizontal h S2 lines -formula 3) are built based on Prewitt's operators, however in this case they strengthen the impact of the nearest pixel surroundings, for which the gradient is designated, resulting in obtaining more apparent contours than in the case of Prewitt's and Roberts' operators [9] :
The automatic detection of the vane edges (straight lines) for particular fragments of the original image (new images that include only a single vane -object) was conducted using the SHT. based on the dependencies resulting from the SHT and on the points belonging to the section (Fig. 6) , we designated the straight line's directional coefficient and the rotation angle α:
After changing the vanes' configuration and rotation, we obtained images on which the vanes are positioned in an identical way. Then, while maintaining only the vane surface pixels (without the background pixels), it was necessary to cut the rectangles with the largest area possible from the images. Due to the fact that all fraction points were to be located within the area of the vane surfaces, we conducted an image binarisation with the threshold selected using the iteration method. Then, we used the morphological erosion method (with a square structural element with a 20 pixel size, thereby "reducing" the vane's surface) on the binary image. This operation allowed for further application of the gradient (Sobel's) operators and Hough's transform in order to designate the coordinates of two points belonging to the top (position of the edge on the photo) vane edge (blue section in Fig. 7 ).
Thus, we were able to designate the straight line limiting the area later cut from the image for further analysis from the top (top red straight line in Fig. 7 ). The applied steps of 
. Example of determination of differences in the vanes' geometry: a) compared vane dimensions; b) the binary image presents the difference in the vane's width (dimension d1, d2)

Fig. 7. Lines limiting the vane surfaces -sought (rectangular) area
for further colour analysis Fig. 6. Fig. 6 . Section designated based on the Hough's transform procedure could not be used for designating the bottom straight line limited the sought area, because the leading edge line (bottom vane edge on the photo) is not a straight line, thereby making it probable that the designated straight line will not correctly limit the area. This was also the reason for the calculation for the binary image of the sum in the image matrix columns (the vane area is white in the binary image -it has the value "1" in the image matrix), by selecting the column with the lowest sum value, we designated the position on the vane's length on which it has the smallest width. Thus, we obtained the straight line that limits the sought area from the left (red straight line on the left in Fig. 7) . The bottom limitation of the sought image (bottom red straight line in Fig. 7 ) was obtained by locating in the earlier designated column of the last one, i.e. last column point belonging to the vane surface (from the top of the photo, blue point in Fig. 7 ).
The applied method did not guarantee identical dimensions cut out from the area photo, which is why the obtained rectangles were used to designate the smallest dimension of length and width, which was used as the basis for aligning (normalising) all cut out areas. As result, we were able to obtain image fragments with the same dimensions -surfaces (218x602 pixels). Figure 8 presents these fragments in the sequence corresponding to the vanes from the original photo (Fig. 3a) , starting from the top. The black arrows in the figures designate the coordinates system that orients the positioning of the cut out fragments of vane photos.
The separated vane surface areas ( Fig. 8a÷f ) with various technical condition will undergo colour analysis correlated with the micro-structure testing both in the sub-surface zone and material of the vane and the coating.
DIAGNOSING AND FORECASTING THE FAILURE OF OPERATED VANES
The turbine vane (blade) durability is a sum of many factors, in which the material plays the crucial role. In terms of the material, durability can be defined as the time of operation, during which the alloy properties imparted during the manufacturing process remain stable. The stability of the properties (assumed working resource) is determined during the designing stage by selecting suitably high features (in comparison to the predicted loads and by analysing their changes during operation). The gas turbine vane (blade) destruction process starts with the deterioration of the aluminium coating (presented in the surface images in the form of colour scheme changes). The latter part of the paper will demonstrate the relation between the surface colour changes and its technical condition defined as the material criterion -material overheating (condition of vane coating, material -phase γ') [4, 23, 24] . The method of procedure when developing the concept of computer-assisted assessment of the technical condition of used gas turbine vanes included several stages related to the recording of image data, selection of suitable colour representation (colour space), approach to notions related to colour analysis and metallographic testing. In the first step, various sets of used vanes were recorded with a digital camera on a specially designed station. The vane sets are a set of objects that differ in terms of their: number, position, technical condition (also resulting from their time of operation -vanes with increasingly longer times of operation). Then, in order to determine the impact of high temperature exhaust fumes during operation on the degradation of the vane surface and the micro-structure of the ŻS-6K super alloy, we conducted the metallographic testing. During the testing, the vane was divided into over a dozen parts, we conducted several measurements in locations of their most severe wear and colour profiles were drawn along the vane cutting lines. The micro-structure was examined under the Neophot optical microscope and the (SEM) Hitachi S-3000N scanning microscope. We characterised the vane deterioration process based on the metallographic testing. In the case of vanes permitted for exploitation (new vanes), the aluminiumsilicone surface layer is evenly distributed around the entire vane circumference. Furthermore, the layer consists of two sub-layers -external sub-layer with increased content of aluminium and intermediate layer with increased content of silicone, which also includes increased content of carbide formers (especially molybdenum and tungsten).
After analysing the technical condition of the coatings of used vanes from a turbine's jet crown (Fig. 9) , it was established that after some time of operation the vane's coating does not degrade (Fig. 9a -vane no. 1 of fig. 8a ) and its thickness does not differ from the thickness of a new vane's coating. This condition of the coating is characterised by lack of any damage. After a longer time of operation, the coating undergoes expansion and features local surface damage (Fig. 9b -the condition was observed incidentally on vane no. 3 from figure 8c, its share increases in vanes no. 4, 5, 6) . This condition of the coating is classified as partially fit for further use. The expansion of the coating causes its delamination and cracking in the latter period of operation (Fig. 9c -the condition was incidentally observed on the leading edge of vane no. 5 from figure 8e, while the biggest share of the condition was ascertained in vane no. 6 from figure 8f). This type of damage causes local separation of the surface layer and cracking of the transitional layer diffused into the native material of the vane. In effect, within a short time of operation, the surface layer comes off and the crack penetrates deep into the vane's super alloy (Fig. 9d -vane no. 6 from figure 8f , mainly the area affected by the highest temperature, i.e. 1/3 height of the vane's leaf). Damage in the form of coating delamination, local cavities in the surface layer and development of cracks result in its classification as an element that is unfit for further use. In the case of the vane material's micro-structure, it was ascertained that vane no. 6 is characterised by dispersive secondary separation of the phase γ' , resulting from the impact of high temperature exhaust fumes. The morphology of phase γ' indicates that after exceeding the critical temperature, the alloy is overheated, and the turbine vane cannot be deemed as fit for further use [4, 23, 24] . Figure 10a presents the line that represents the averaged colour profile (considering the cutting thickness, cuts parallel to the leading edge; the dotted lines mark cuts that are perpendicular to the leading edge). Considering the relatively high correlation of data -particular constituents of the RGB model (Fig. 10b) [2] , the first step was to seek for a suitable representation of the image data, which would clearly reflect the colour changes of the vane surfaces. Among many models, i.e. HSV, CIEXYZ, CIELab, CMYK, etc., the largest differentiation in the image data (no correlation between particular constituents) was obtained for the YCbCr colour space model (Fig. 10c) , the particular constituents of which, i.e. Y -luminance constituent, Cb -Y-B chrominance differential constituent (constituting the difference between luminance and blue colour) and Cr -Y-R chrominance differential constituent (constituting the difference between luminance and red colour), were designated based on the following conversion [17] :
The parameters describing the constituents of the YCbCr colour space model were designated based on vane no. 1. This vane is characterised by uniform colour and during the metallographic testing it was deemed as fit for use (correct technical condition, slightly deviating from a new vane). The method of procedure in relation to other vanes was identical to the vane presented in figure 10 (Fig. 10a dotted and continuous line -vane cutting, metallographic testing, drawing of colour profiles). Based on the exemplary results specified in figures 10b and 10c it was ascertained that the waveform of constituent Y (luminance), also in the case of vane no. 6 (multi-coloured surface), has a similar waveform (of changes) as constituents R, G, B presented in figure 10b .
On the other hand, the chrominance constituents: Cb, Cr demonstrate a different waveform characteristic. They were thus used to describe the colour changes taking place on the vanes' surfaces. In the case of vane no. 1, except for constituent Y (average value of Y_śr equal to 136, standard deviation -SD equal to 10.1), the variability of Cb, Cr, drawn in a few colour profiles was minor (for Cb: Cb_sr1=116, SD=2.2, for Cr: Cr_sr1=140, SD=1.4). The sequences of obtained Cb, Cr data included no values that would disrupt the designation of the average values. Figure 10c additionally presents the position of the average values describing the surface of vane no. 1 (Cb_sr1, Cr_sr1).
Based on the values of constituents Cb, Cr for vane no. 1 and the nature of the waveform of these constituents in the colour profiles of vane no. 6, we designated the threshold values describing the non-overheated surface. The threshold value was designated for constituent Cr in the range from 140 to the maximum value, i.e. 255 (the other two constituents were not limited) - Fig. 11a The result of the surface segmentation of vane no. 6 with limitation of constituent Cr is presented in figure 11b (the area differing from the correct surface was dimmed by applying an operator). On the other hand, the range of the constituent Cb was modified in figure 11c (value range from 0 to 115). The result of the segmentation (limitation of the range of constituent Cb) and marking of the overheated area is presented in figure 11d . On the other hand, figure 11e presents the resulting image with two limitations of the range of constituents Cb, Cr. The surface with the correct condition in the case of vane no. 6: Fig. 11b amounts to 11 .34% of the total surface, Fig. 11d -9.89%, Fig. 11e -9 .02% (double limitation slightly changes the percentage share of the surface).
Figures 12a, c, e present the results of segmentation, including the surface classified as satisfactory for the exemplary set of vanes from figure 8.
Nearly identical results apply to figures 12d and 12f. The value fluctuations do not exceed 0.3%, whereas the largest difference of 4.03 % applies to vane no. 5 (12d -27%, 12f -31.03%). The differences in figures 12a, c, e result both from the colour scheme of the tested surfaces (vane no. 1, 2 "shades of yellow") and from the adopted method of determining the threshold values (average). The largest percentage share of surfaces classified as satisfactory, for particular vane numbers, was obtained with the limitation of constituent Cr (no. 1 -91.3%, no. 2 -94.25%, no. 3 -85.93%, no. 4 -35.54%, no. 5 -37.94%, no. 6 -11.34%) - Fig. 12b . The area that does not belong to the surface classified as satisfactory (black) also features the surface in transition (between satisfactory surface and overheated surface). It is characterised by a certain ambiguity due to the condition of the coating, the thickness of which increased (swelling of the surface layer and transitional layer), but the average thickness, due to the existence corrosion and erosion pitting, is lower than in the case of vanes no. 1, 2, but higher than in vane no. 6 (Fig. 9b) . The structure (size, shape and distribution of separations of phase γ') deep into the vane material, only in extreme cases, at the transitional layer, slightly deviates from the model structure. The colour scheme of this surface is characterised by a different colour. Based on the metallographic testing combined with a colour analysis of the discussed type of surfaces, we determined the threshold values of segmentation for particular constituents, i.e. Y<58.160>, Cb<112.119>, Cr<0.138>. The result of the segmentation is presented in figure 13a (orange -areas of surface in transition).
The share of surfaces in transition does not exceed (vanes no. 1÷no. 6) 20% (Fig. 13b) . The highest share concerns vane no. 5 and amounts to 16.5%, whereas for vanes no. 1 and no. 2, the share is miniscule and amounts to 3.25% and 2.5%, respectively. A similarly low value applies to vane no. 6 (4.1%). Figure 13c presents the share of the area (surface), the condition of which deviates from the satisfactory condition (the share of the surface in transition was also taken into consideration). 
